OBJECTIVE-Gastric bypass surgery is an effective therapy for extreme obesity. However, substantial variability in weight loss outcomes exists that remains largely unexplained. Our objective was to determine whether any commonly collected pre-operative clinical variables were associated with weight loss following Roux-en-Y gastric bypass surgery.
INTRODUCTION
Roux-en-Y gastric bypass (RYGB) surgery can induce a substantial weight loss that is associated with improvement in type 2 diabetes, decreased incidence of cancer, improved quality of life, and decreased mortality. [1] [2] [3] [4] [5] [6] Although the safety and potential efficacy of this procedure is well established, 7 some patients may regain variable amounts of weight after a relatively short period of rapid weight loss and remain extremely obese, while others fail to lose significant weight despite the major anatomic and physiological effects from the RYGB surgical intervention. [8] [9] [10] This has created an increasing emphasis on post-operative medical management, for which little empirical data exists. In addition, recent data from the 2009-2010 National Health and Nutrition Examination Survey (NHANES), 11 using measured heights and weights, indicates that 15.5% of all US adults greater than 20 years of age have a BMI ≥ 35 kg/m 2 and that 6.3% have a BMI ≥ 40 kg/m 2 and therefore meet existing eligibility criteria for RYGB surgery. 12 Thus, there are a substantial number of patients with extreme obesity for whom RYGB may be considered and a corresponding growing clinical need to provide evidence-based guidance on the selection of treatment modalities.
Previous studies have attempted to identify factors associated with weight loss outcomes. 13, 14 A variety of socioeconomic, psychological, and biological variables have been analyzed. 15 The clinical variable with the strongest effect is baseline BMI; the higher the BMI, the more likely the patient will lose less of a percentage of excess body weight relative to patients with lower initial BMIs. This effect is in part an artifact of measuring weight loss in relative rather than absolute terms. 16, 17 However, patients with very extreme levels of obesity, i.e., "super-obesity", may represent a different biological state than those with less severe obesity. 18 Other factors, such as diabetes, psychological conditions, and limited physical activity, may also be associated with poorer weight loss outcomes after RYGB surgery. Most studies of pre-operative clinical predictors have analyzed only one or a few potential variables often in small populations, ranging up to analysis of 20 variables in 300 patients. 13, 15 These studies have also had a relatively short length of follow-up, often only up to one year, and examined weight loss at a single time point.
We analyzed the association of more than 350 variables with the weight loss dynamics of more than 2000 patients over a follow-up period of more than 36 months stratified into three major phases, i.e., early weight loss, weight nadir, and long-term weight loss, in order to construct multivariate regression models.
MATERIALS AND METHODS

Study Population
All patients who entered the bariatric surgery program in the Center for Nutrition and Weight Management at Geisinger Clinic were consecutively offered participation in an IRB approved research program focused upon obesity. All study participants provided written informed consent. Patients who underwent RYGB gastric bypass surgery from January 1, 2004 through August 22, 2011 were included in the analysis. The bariatric surgery program consisted of a pre-operative program that typically lasted 6 to 12 months and included a dietinduced weight loss target of 10% of body weight (Supplementary Methods). Patients were scheduled for follow-up visits at the Geisinger Weight Management Clinic at approximately 1 week, 2 weeks, 2 months, 5 months, 8 months, and 12 months after RYGB surgery, and then every 6-12 months thereafter.
Study Variables
Data used for this study was obtained from several clinical sources and entered into an IRB approved database on RYGB patients enrolled in the obesity research program of the Geisinger Obesity Institute at Geisinger Clinic. The detailed methods for acquiring and storing these data are described elsewhere. 19 Briefly, clinical data were extracted from an electronic health record (EHR) fed comprehensive enterprise-level data warehouse, the Clinical Decision Intelligence System (CDIS), which contained a variety of data from the EHR (EpicCare® EHR; Verona, WI). Additional self administrated survey data were obtained during the pre-operative period. The database also included results of intraoperative liver biopsy pathology analysis and pre-operative clinical ratings by dieticians to determine whether patients were prepared to make necessary dietary changes, and by psychologists to determine if patients were psychologically prepared for the RYGB surgery and lifestyle changes. Details regarding the data used for the study are provided in the Supplementary.
Post-operative weight measures were carefully reviewed to identify and remove implausible or inconsistent values as described previously. 19 To evaluate weight loss after RYGB, weight change was quantified as percent of initial excess body weight lost (%EBWL). To calculate excess body weight (EBW), the weight at the visit occurring closest but before surgery (weight b ) was compared to an ideal body weight of BMI = 25 kg/m 2 . The %EBWL at time t after surgery was calculated as:
where weight t was the weight measured at time t. 
Statistical Analysis
Descriptive statistics of the study population were computed using means, standard deviation, and percentages, as appropriate. Quantile regression 20 was used to estimate the overall median %EBWL after RYGB surgery. Weight loss measures were calculated for each patient within each of three post-surgery weight loss phases. A repeated measures regression model (using random effects to calculate slope and intercept for each patient) was used to estimate the %EBWL achieved at 6 months following surgery. The maximum weight loss achieved between 6 and 36 months after surgery was identified by selecting the lowest BMI from at least three available measurements. When this value was not the most recent measurement within this span, it was defined as the maximal %EBWL nadir. Patients whose most recent measurement in the 6 to 36 month period was the lowest were excluded from the analysis of weight nadir (a total of 25%, most of which were less than 36 months post-RYGB and had not yet reached weight nadir). The weight measure occurring after but closest to 36 months was used to evaluate long-term weight loss. For each weight loss phase, analyses were limited to the subset of the population with a qualifying weight loss outcome metric (see Supplementary Methods for more details).
Baseline regression models included a categorical variable for initial BMI (grouped as 35-39.9, 40-49.9, 50-59.9, and 60+ kg/m 2 ). This variable was selected because baseline BMI is well known to be associated with degree of weight loss following RYGB surgery 15 and may be correlated with some of the clinical variables. Each of the over 350 clinical variables (Supplementary Data) was included in a separate regression model to identify the subset that was significantly related to each temporal weight loss phase after accounting for baseline BMI using a p-value < 0.05 (Supplementary Data).
RESULTS
Demographics
The demographics of the initial study cohort, consisting of 2444 patients who had undergone RYGB surgery and had an initial BMI>35 kg/m 2 , are shown in Supplementary 
Weight loss analysis
Many prior studies have analyzed only one or few distinct post-operative time points, e.g., 12 and/or 24 months. We 18, 21 and others 22 have used more advanced statistical methods to evaluate weight loss after surgery, including analysis of post-operative weight loss trajectories using linear mixed models 21, 22 to model weight loss dynamics over time. We identified three distinct phases of post-operative weight loss; an initial steep weight loss followed by an extended period of more gradual weight loss in which a nadir or low point occurs transitioning to a period characterized by some degree of weight regain occurring at about 24 to 36 months and later ( Figure 1 ). We divided the available weight loss data into these three weight loss phases and conducted an analysis of %EBWL as follows:
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• Early: The first 6 months after surgery where rapid weight loss is occurring
• Nadir: The maximal %EBWL achieved that occurs between 6 and 36 months after surgery
• Long-term: weight loss at 36 or more months after surgery
Of the 2444 patients, 2365 (97%) had 4 or more weight measures occurring in the first 6 months after surgery, 1369 (56%) had sufficient weight measurements to identify a weight loss nadir (at least 3 weight measures between 6 and 36 months after surgery, the last of which was not the lowest), and 857 of 1361 patients who were more than 36 months from surgery (60%) had at least one weight measure occurring 36 or more months after surgery.
To determine whether the differences in data density affected the population substructures, we evaluated the demographic characteristics for each of these three weight loss groups (Supplementary Table S1 ), which were found to be similar to the overall population (P>0.05). The mean %EBWL at 6-months was 65% (Supplementary Table 2 ), the mean nadir was 77% %EBWL, and the mean %EBWL for the 36+ months follow-up was 61%. We found that the unadjusted correlation (r 2 ) between %EBWL at 6-months and nadir was 0.761, between nadir and long-term weight loss was 0.852, and between early weight loss and 36+ months was 0.545 (Supplementary Figure S1) .
Following initial univariate analysis of over 350 clinical variables (Supplementary methods), baseline BMI was the variable most strongly related to weight loss for each temporal phase (p<0.00001). We therefore attempted to control for baseline BMI through stratification into ranges of BMI, i.e., 35-39.9 kg/m 2 , 40-49.9 kg/m 2 , 50-59.9 kg/m 2 , and 60+ kg/m 2 , that roughly divided the population into quartiles and reflected thresholds for categorizing different degrees of obesity. We then repeated the analysis with baseline BMI accounted for in the models to identify the subset that would be brought forward for multivariate analyses. This resulted in the selection of 98, 69, and 44 variables (Supplementary Tables S3-S7) for the 6 month weight loss, weight loss nadir, and 36+ month weight loss phases, respectively. There were 17 variables that were common to all 3 weight loss phases (Supplementary  Table S8 ). We then conducted analyses for each distinct weight loss phase.
6 month weight loss-Multiple linear regression analysis using the 98 variables brought forward from initial univariate analysis revealed 14 pre-operative variables (p-value<0.05) that were independently associated with lower early weight loss ( Table 1 ). The magnitude of the effect (as measured using the parameter estimates from the multivariate linear regression) was largest for baseline BMI in which those with BMI<40 kg/m 2 had 43.3% more %EBWL, pre-operative weight gain in which those who gained weight during the preoperative period had 8.9% less %EBWL, and liver fibrosis in which those with a baseline BMI of less than 50 kg/m 2 had 8.8% less %EBWL.
Weight nadir-Of the 69 univariate variables, a total of 12 clinical variables were independently associated (p<0.05) with higher weight nadir ( Table 2 ). The magnitude of the effect was largest for the same variables as for 6 month weight loss but to different degrees; for baseline BMI those with BMI<40 kg/m 2 had 40.8% more %EBWL, for those who gained weight during the pre-operative period had 10.7% less %EBWL, and those with liver fibrosis and a baseline BMI of less than 50 kg/m 2 had 10.6% less %EBWL.
36+ month weight loss-A total of 12 of 44 univariate clinical variables were independently associated with (p<0.05) less long-term %EBWL at least 36 months after RYGB surgery (Table 3 ). The magnitude of the effect was largest for baseline BMI (40.9% more %EBWL for those with BMI<40 kg/m 2 ), any fibrosis on liver biopsy (in those with a baseline BMI of less than 50 kg/m 2 , 13.4% less %EBWL), aged 50 years or older with open surgical access (9.5% less %EBWL), and non-users of bupropion medication (6.4% less %EBWL).
We then used the multivariate regression results to develop equations to estimate %EBWL for each temporal weight loss phase ( Long-term %EBWL = 51.0
We also determined whether the model suggested an appropriate fit using a residual plot (Supplementary Figure S2) . The plot indicates that the model is homoscedastic, i.e., that the variation in residuals was independent of the predicted value, and that the model is unbiased, i.e., the values of the residuals were independent of the predicted values.
DISCUSSION
The degree of weight loss that is achieved by patients who undergo RYGB surgery, even in the context of a highly standardized clinical program with excellent long-term follow up, may vary, suggesting that patient-specific factors may play a role in influencing weight loss outcomes. Previous studies have examined a wide variety of socioeconomic, 20 psychological, 12 procedural, 16 and genetic factors 18, 21 in an effort to identify variables which may influence the degree of post-operative weight loss. A recent systematic analysis focused on pre-operative BMI, pre-operative weight loss, eating disorders, and psychological factors/substance abuse. 15 However, most of the available data has been based on small sample sizes with relatively short-term follow-up and analysis of single postoperative time points (e.g., 12 months). We studied a large cohort followed for over 3 years with a large database of clinical variables.
We found that baseline BMI was inversely associated with %EBWL at the early phase of weight loss as well as with weight nadir; the lower the BMI the more the %EBWL. This is consistent with data from over three dozen studies analyzed in a large systematic review. 15 At ≥36 months of follow-up, however, we found that the relationship of %EBWL with BMI was not evident at BMI ≥50 kg/m 2 (i.e., super-obesity), consistent with the large systematic review in which studies that analyzed only patients undergoing RYGB found no significant association between pre-operative BMI ≥50 kg/m 2 and post-operative weight loss. We have previously observed that obesity-related common genetic variants were associated with poorer weight loss outcomes in patients with BMI <50 kg/m 2 , but not in patients with higher baseline BMIs. 18 We therefore tested whether baseline BMI caused effect modification between %EBWL and the other statistically significant clinical factors that we found to be associated %EBWL at each of the three temporal weight loss phases. Hepatic fibrosis was the only variable that we found was significantly modified by initial BMI.
We used percentage of excess body weight (%EBWL) as the measure of weight loss, recommended as the standard metric. 17 However, %EBWL is a relative measure that diminishes the significance of the absolute amount, i.e., pounds, of weight lost. BMI is directly correlated with health risks, 23 thus the lower the BMI the less the risk. The disparity between %EBWL and other weight loss measures such as absolute weight loss is also likely magnified by the length of post-operative follow-up. The relatively short lengths of followup (i.e., 12 months) of many studies may not allow sufficient time for patients with higher BMIs to shed sufficient number of pounds to reach their weight nadir. and used longitudinal weight loss data to identify three distinct temporal phases of weight loss following RYGB surgery, including early weight loss (i.e. the first 6 months after surgery), weight loss nadir, and long-term weight loss (i.e. >36 months after surgery). This also allowed us to evaluate the relationship of short-term weight loss to long-term. We found that the unadjusted correlation (r 2 ) between %EBWL at 6-months and 36+ months was 0.545. This also extends to pre-operative weight loss where we found a similar effect, with pre-operative weight loss significantly associated with 6 month and weight nadir outcomes ( Table 2 and Table 3 ), but not with weight loss at >36 months. This is consistent with the results of systematic analyses 15 which found that patients who lost more weight preoperatively also lost more excess weight at 12 months following surgery, but not at longer follow-up periods. These data support the notion that long-term weight loss outcomes may be largely independent of short-term weight loss success.
We confirmed the association of type 2 diabetes with lower %EBWL that has been previously reported. 13, 14, 24 We also found that the potentially related finding of liver fibrosis was related to lower %EBWL but only in patients with BMI <50 kg/m 2 . Liver fibrosis is part of the spectrum of non-alcoholic steatohepatitis, which has been related to insulin resistance. 25 Our data are consistent with the finding that liver fibrosis measured non-invasively via the Fibrospect score II, which is comprised of plasma levels of alpha 2 macroglobulin, hyaluronic acid and tissue inhibitor of metalloprotease 2, was the only predictor of weight loss in study of a Hispanic RYGB population. 26 Whether hepatic fibrosis is independent of the influence diabetes is not yet known.
We also found that waist circumference, cholesterol HDL ratio, and red cell distribution width (RDW) and iron deficiency were associated with both early weight loss and weight nadir. Waist circumference was highly correlated with BMI, but its lack of association at ≥36 months suggests a potential physiological effect from the presumed higher burden of metabolically active visceral fat. Dyslipidemia has been associated with lower weight loss following bariatric surgery. 14 The association of iron deficiency (and its red blood cell correlate RDW) with less %EBWL suggests that this treatable condition should be carefully evaluated in patients undergoing RYGB, and perhaps more generally in patients undergoing weight loss interventions, especially pre-menopausal female patients in situations of decreased food and nutrient intake. Hypertension and less motivation to lose weight were specific to weight nadir. The individuals who have the highest level of motivation to lose weight appear to reach the lowest weight nadir. The role of hypertension is not clear.
Two other clinical observations related to long-term weight loss were a history of smoking and the pre-operative use of buproprion. Smoking history has been associated with an increased risk of serious complications (life threatening and/or associated with lasting disability) within 30 days of bariatric surgery. 27 In patients presenting for bariatric surgery, previous attempts to quit smoking were associated with substantial weight gain. 28 Buproprion was originally developed to treat depression 29 but was found to be effective for smoking cessation 30 and has recently been used for the treatment of obesity. 31, 32 The association of these two clinical factors with increased weight loss following RYGB suggests that common pathways may be involved in their mechanism. Bupropion is a dopamine and norepinephrine reuptake antagonist and a putative stimulator of melanocortin pathways. 33 Nicotine has been found to decrease food intake and body weight in mice via the hypothalamic melanocortin system. 34 Melanocortin-4 receptor variants have been associated with weight loss outcomes after RYGB, 35 further implicating this pathway underlying the molecular mechanism of variability in weight loss response.
Strengths of this study include the standardization of the RYGB surgical technique and the pre-and post-operative management program, large numbers of patients, and high rate and length of post-operative follow-up. However, several limitations are evident. The design was not randomized and the sex distribution was skewed toward women, characteristic of a bariatric surgery cohort. We only analyzed RYGB and not other weight loss interventions, and %EBWL was the only a post-operative outcome. RYGB has multiple and pleiotropic effects on a number of conditions, particularly type 2 diabetes, dyslipidemia, hypertension, and others. Despite the breadth and depth of the clinical data used in our analyses, we did not have variables outside of clinical standard of care. This includes information on physical activity. Physical activity is a major factor in energy expenditure and may play a significant role in post-RYGB weight loss 30 . We did not have data available from either self-reported measures of physical activity, or from objective monitors such as pedometers, accelerometers, or other devices. Given the potential importance of physical activity in weight loss outcomes, future studies will need to be performed to gather such data.Despite these limitations, these data suggest that pre-operative data may be used for the early recognition of clinical factors that adversely impact post-RYGB weight loss. The limited access to surgical treatment for eligible extremely obese patients, the ever-expanding list of procedure options, and the wide range of weight loss outcomes mandates improved patient selection as well as better resource allocation for peri-operative medical management. The identification of the clinical factors which adversely impact post-RYGB weight loss will allow for the implementation of specific therapeutic strategies and clinical trials designed to address the underlying basis of unfavorable outcomes.
CONCLUSION
In summary, the early, nadir, and long-term weight loss phases following RYGB surgery were associated with different sets of easily measured pre-operative clinical variables. The variables associated with less %EBWL at least 36 months after RYGB surgery were higher baseline BMI, pre-operative use of any diabetes medication, non-use of bupropion medication, no history of smoking, aged greater than 50 years, and the presence of fibrosis on liver biopsy. These data suggest that specific therapeutic strategies may be designed to address the factors associated with unfavorable outcomes.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
What is already known about this subject?
Baseline BMI, type 2 diabetes, certain psychological conditions, and limited physical activity have been associated with poorer weight loss outcomes usually defined by a single time point after RYGB surgery.
Most studies of pre-operative clinical predictors have analyzed only one or a few variables often in small populations with limited lengths of follow-up. Linear mixed model of the percent of initial excess body weight after RYGB surgery. Based upon the shape of the weight loss curve, the post-surgical weight loss was divided into three phases: early weight loss (0-6 months), weight loss nadir (maximum weight loss achieved), and long term weight loss (weight measured at 36+ months). The model was generated using 51,822 weight measurements from 2444 patients occurring between surgery and 60 months after RYGB surgery. 
